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ANALYSIS OF LASER FLUOROSENSOR SYSTEMS FOR REMOTE ALGAE 

DETECTION AND QUANTIFICATION 

Edward V.  Browell 
Langley Research Center 

SUMMARY 

The development and performance o f  s ing le - and multiple-wavelength 
laser f luo rosenso r  systems f o r  use i n  t h e  remote d e t e c t i o n  and q u a n t i f i c a t i o n  
of algae are d i scussed  i n  t h i s  paper .  The appropr i a t e  equat ion  f o r  the  f luo
rescence power rece ived  by a laser f luo rosenso r  system is  der ived  i n  de t a i l ,  
and t h e  r e s u l t  is found t o  d i f f e r  by as much as a f a c t o r  o f  10 from those  
prev ious ly  r epor t ed  i n  the l i t e r a t u r e .  Experimental  development of a s i n g l e -
wavelength system and a four-wavelength system, which s e l e c t i v e l y  e x c i t e s  t h e  
algae contained i n  the four  primary a lga l  co lo r  groups (g reen ,  golden-brown, 
r ed ,  and b lue-green) ,  is reviewed, and tes t  r e s u l t s  are shown. A comprehen
s i v e  e r r o r  a n a l y s i s  is repor t ed  which e v a l u a t e s  the u n c e r t a i n t y  i n  the  remote 
de te rmina t ion  of  the ch lo rophy l l  a concen t r a t ion  contained i n  a l g a e  by s ing le -
and multiple-wavelength laser f luo rosenso r  systems. Environmental parameters  
which can g r e a t l y  affect  t h e  f luorescence  c r o s s  s e c t i o n  of  algae inc lude  long-
and short- term l i g h t  h i s t o r y  and n u t r i e n t  and age e f f e c t s .  Resu l t s  of t he  
e r r o r  a n a l y s i s  i n d i c a t e  t h a t  t h e  remote q u a n t i f i c a t i o n  of  ch lo rophy l l  a by a 
laser f luo rosenso r  system r e q u i r e s  optimum e x c i t a t i o n  wavelength(s1,  remote 
measurement of  marine a t t e n u a t i o n  c o e f f i c i e n t s ,  and supplemental  instrumenta
t i o n  t o  reduce u n c e r t a i n t i e s  i n  the a lga l  f luorescence  c r o s s  s e c t i o n s .  With
out  these a d d i t i o n a l  measurements, both t h e  s ing le - and multiple-wavelength 
laser f luo rosenso r  systems can only provide q u a l i t a t i v e  information about  
ch lorophyl l  a concen t r a t ion  contained i n  t h e  a l g a e ,  and t h e  single-wavelength 
system y i e l d s  r e s u l t s  which are comparable t o  a multiple-wavelength system 
which has optimum e x c i t a t i o n  wavelengths.  

INTRODUCTION 

An algae laser f luo rosenso r  system c o n s i s t s  of a laser ,  which is used t o  
# 	

d i r e c t l y  or  i n d i r e c t l y  e x c i t e  the  ch lo rophy l l  a pigment contained i n  algae, and 
a co l loca ted  t e l e scope  r e c e i v e r  system, which detects t h e  emi t ted  f luorescence  
from chlorophyl l  a a t  685 nm. The q u a n t i f i c a t i o n  of ch lo rophy l l  a i n  v ivo  
( ch lo rophy l l  a contained i n  l i v i n g  a lgal  ce l l s )  r e p r e s e n t s  a measure of  the  
concent ra t ion  and d i s t r i b u t i o n  o f  algae. These measurements are of  i n t e r e s t  
because they are ind . ica t ive  of  primary p r o d u c t i v i t y  and chemical, thermal ,  and 
mechanical cond i t ions  i n  t h e  marine environment. 

Pass ive  techniques  have been developed t o  remotely eva lua te  ch lo rophy l l  a 
i n  vivo concen t r a t ion  from a i rc raf t  a n d ' s a t e l l i t e s  (refs.  1 t o  5 ) .  These tech
niques  r e l y  on the  s p e c t r a l  characterist ics of r e f l e c t e d  s u n l i g h t  f o r  determi
na t ion  of t h e  ch lo rophy l l  5 concen t r a t ion  contained i n  the  algae and,  t h u s ,  are 
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l i m i t e d  t o  day obse rva t ions  and r e l a t i v e l y  clear sky cond i t ions .  Act ive remote 
sens ing  systems do not  have these l i m i t a t i o n s .  A laser f luo rosenso r  system 
which is operated from a low-a l t i tude  aircraft  can have d a y h i g h t  ope ra t ion  and 
can be used when t h e r e  is h i g h - a l t i t u d e  cloud cover .  Because o f  t h e  r ap id  
s u r v e i l l a n c e  c a p a b i l i t y  of an a c t i v e  system, it can be used f o r  "ground t r u t h "  
measurements f o r  h i g h - a l t i t u d e  pass ive  in s t rumen t s  and f o r  l o c a l i z e d  i n v e s t i 
g a t i o n s  which may r e q u i r e  greater s p a t i a l  r e s o l u t i o n  than is u s u a l l y  a v a i l a b l e  
wi th  pass ive  techniques .  Also, a four-wavelength laser f luo rosenso r  system can 
provide information about  t h e  d i s t r i b u t i o n  o f  algae conta ined  i n  t h e  f o u r  a lgal  
co lo r  groups,  whereas c u r r e n t  pas s ive  techniques  do no t  d i f f e r e n t i a t e  between 
d i f f e r e n t  types  of  algae. 

This  paper d i s c u s s e s  t h e  importance of  algae and a lgal  measurements, t h e  
s p e c t r a l  c h a r a c t e r i s t i c s  o f  algae, and t h e  development o f  s i n g l e - and mul t ip le -
wavelength laser f luo rosenso r  systems. Emphasis is  gfven t o  a d e t a i l e d  der iva
t i o n  of  t h e  equat ion  f o r  t h e  f luo rescence  power received by a laser f luoro
sensor  system and t o  the  e r r o r  ana ly , s i s  f o r  de te rmina t ion  of  ch lo rophy l l  2 i n  
vivo concen t r a t ion  by s ing le - and multiple-wavelength laser f luo rosenso r  
systems. 

SYMBOLS 


matr ix  of  e lements  a i j  

area of  r ece iv ing  t e l e s c o p e ,  m2 

area i l l umina ted  by laser a t  depth z ,  m2 

water abso rp t ion  c o e f f i c i e n t ,  m-l 

const a nts 

diagonal  mat r ix  of  e lements  b j j  

elements of d iagonal  mat r ix  such t h a t  O i j  = a i j b j j  

water s c a t t e r i n g  c o e f f i c i e n t ,  m-1 

t e l e scope  d iameter ,  m 

laser- induced f luorescence  emi t ted  from ch lo rophy l l  5 i n  v ivo  a t  
685 nm, W/nm 

laser i r r a d i a n c e  per  u n i t  laser wavelength bandwidth, W/m2-nm 

(Yg + Y f )  and (Yf + Y i ) ,  r e s p e c t i v e l y  

index of r e f r a c t i o n  f o r  water 

matrix of  e lements  n j  



n concent ra t ion  o f  ch lorophyl l  2 contained i n  a l g a e ,  mole/m3 

PO laser output  power, W 

P r  power rece ived  by d e t e c t o r ,  W 

R d i s t a n c e  from laser f luorosensor  system t o  s u r f a c e  of  water, m 

X mat r ix  of  e lements  x i  

X i  def ined i n  equat ion  (IO) 

z water depth of  d i f f e r e n t i a l  volume under examinat ion,  m 

a s i n g l e - s c a t t e r i n g  a t t e n u a t i o n  c o e f f i c i e n t ,  m-1 

B atmospheric  e x t i n c t i o n  c o e f f i c i e n t ,  m-l 

Y e f f e c t i v e  a t t e n u a t i o n  c o e f f i c i e n t  of  water, m-1 

A x  wavelength bandwidth, nm 

& i j  mat r ix  e lements  of  E-1 

x wavelength,  nm 

5 o p t i c a l  e f f i c i e n c y  of  r e c e i v e r  system 

P water s u r f  ace r e f  1ect i v i t  y 

c mat r ix  of  e lements  a i j  

0 c r o s s  s e c t i o n  f o r  f luorescence  a t  685 nm per  ch lorophyl l  2 molecule 
contained i n  algae when exc i t ed  by laser wavelength A & ,  m*/mole 

*ij  = *j(Xi) 

Subsc r ip t s :  

d d e t e c t o r  

f f luo rescence ,  o r  a t  f luorescence  wavelength,  685 nm 

i laser e x c i t a t i o n  wavelength corresponding t o  f o u r  a lgal  c o l o r  groups 

j f o u r  algal c o l o r  groups 

laser, or  a t  laser e x c i t a t i o n  wavelength 
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Abb rev i a ti o n s  : 

ALOPE Airborne L i d a r  Oceanographic Probing Experiment 

PMT pho tomul t ip l i e r  tube  

A 6 befo re  a symbol denotes  t h e  s tandard  d e v i a t i o n  of  t h e  parameter.  

IMPORTANCE OF ALGAE AND ALGAL MEASUREMENTS 

The types  and concen t r a t ion  of  algae i n  va r ious  bodies  o f . w a t e r  are impor
t a n t  i n d i c a t o r s  of  primary p r o d u c t i v i t y  and marine environmental  cond i t ions .  
I n  the  ocean, algae are p r a c t i c a l l y  t h e  only producer of  organic  matter. The 
photochemical conversion of  i no rgan ic  matter t o  o rgan ic  matter v i a  photosynthe
sis is known as p r o d u c t i v i t y .  Also, algae are an important  p a r t  of  t h e  lowes t  
l e v e l  on t h e  food cha in  and are t h u s  important  t o  the  s u r v i v a l  of a l l  h igher  
forms of  marine l i f e .  

Marine environmental  cond i t ions  - such as chemical ,  thermal ,  and mechani
cal  f a c t o r s  - can have major i n f luence  on a lgal  popu la t ions  i n  any body o f  
water. Man-created cond i t ions  o f t e n  upse t  t h e  n a t u r a l  e c o l o g i c a l  ba lance ,  and 
t h i s  leads t o  growth i n  some algal s p e c i e s  and dea th  i n  o t h e r s .  The presence  
of  nondegradable heavy metals, f o r  example, mercury and l e a d ,  o r  slowly degrad
able chemicals such as DDT, has a dramatic effect  on t h e  s u r v i v a b i l i t y  o f  d i f 
f e r e n t  a lgal  species. Likewise,  t h e  thermal and mechanical p r o p e r t i e s  of  t h e  
water which are inf luenced  by e lec t r ica l  power p l a n t s ,  i n d u s t r i a l  p l a n t s ,  and 
waste d i s p o s a l  systems,  t o  name only a f e w ,  a l s o  a l te r  the  makeup o f  a lgal  
popula t ions .  However, it can be d i f f i c u l t  t o  e s t a b l i s h  d i rec t  effects  o f  a 
p o l l u t i o n  source on a lgal  popula t ions  because of  changes which are seasona l  o r  
l o c a l l y  t r a n s i e n t  i n  na tu re ;  f o r  example, changes i n  algal popula t ions  can be 
altered by a sudden weather change. 

Seve ra l  a l g a l  s p e c i e s  are t o x i c  t o  f i s h  and man, and when t h e i r  concentra
t i o n s  reach bloom propor t ions  ( t y p i c a l l y  g r e a t e r  than l o 6  c e l l s / l i t e r )  , f i s h  
are k i l l e d .  During t h i s  cond i t ion  t h e  s h e l l f i s h  which are a f f e c t e d  concen t r a t e  
t h e  tox in .  People who have ea t en  contaminated s h e l l f i s h  have been known t o  d i e  
from p a r a l y t i c  s h e l l f i s h  poisoning.  Gymnodinium breve ,  t h e  Red Tide of  F l o r i d a ;  
-Gonyaulax ~~~ t amarens is ,  t h e  Red Tide of New England; and Gonyaulax c a t e n e l l a ,  
which is  found a long  t h e  C a l i f o r n i a  c o a s t ,  are examples of  t o x i c  algae. 

Research is necessary  t o  l e a r n  more about  t h e  parameters  which affect  t h e  
marine ecosystem. S ince  t h e  type ,  concen t r a t ion ,  and d i s t r i b u t i o n  o f  algae are 
affected by t h e  chemical, thermal ,  and mechanical p r o p e r t i e s  o f  t h e  marine 
environment, remote d e t e c t i o n  of  a l g a e  can be used t o  i n f e r  important  informa
t i o n  about  marine cond i t ions .  

SPECTRAL CHARACTERISTICS OF ALGAE 

A l l  o p t i c a l  methods of  algae d e t e c t i o n  employ t h e  s p e c t r a l  p r o p e r t i e s  o f  
t h e  primary l igh t -absorb ing  pigments,  which are p r e s e n t  i n  d i f f e r e n t  a lgal  
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s p e c i e s  i n  d i f f e r e n t  p ropor t ions .  Most a lgal  s p e c i e s  f a l l  i n t o  one o f  f o u r  
b a s i c  co lo r  groups - green ,  golden-brown, r e d ,  and blue-green. The c o l o r  
g roup  is  determined by t h e  apparent  c o l o r  o f  t h e  pure a lgal  culture. '  The 
s p e c t r a l  c h a r a c t e r i s t i c s  o f  t h e  primary pigments contained i n  algae are shown 
i n  f i g u r e  1 (ref.  6 ) .  Algal pigments have t h e  fo l lowing  n a t u r a l  co lo r s :  
ch lorophyl l  5 and ch lo rophy l l  b are green ,  ca ro teno ids  are orange,  phycoerythr in  
is r e d ,  and phycocyanin is blue.  A l l  algae con ta in  ch lorophyl l  a; i n  a d d i t i o n ,  
green algae conta in  ch lo rophy l l  b, golden-brown algae con ta in  ca ro teno ids  and 
fucoxanthin (not  shown i n  f i g .  1 1 ,  red algae p r i m a r i l y  con ta in  phycoery thr in ,  
and blue-green algae p r i m a r i l y  conta in  phycocyanin. There are similarities 
between t h e  s p e c t r a l  abso rp t ion  c h a r a c t e r i s t i c s  o f  t h e  primary pigments and 
t h e  abso rp t ion  s p e c t r a  o f  algae, as can be seen i n  f i g u r e  2 ( r e f .  7 ) .  A s  would 
be expected,  t h e  abso rp t ion  f e a t u r e s  are no t  as d i s t i n c t  as those  of t h e  i n d i 
v i d u a l  e x t r a c t e d  pigments.  This  l i m i t s  t h e  use  of  s p e c i f i c  pigment abso rp t ion  
f e a t u r e s  i n  i d e n t i f i c a t i o n  of  a lgal  s p e c i e s .  The primary s p e c t r a l  d i f f e r e n c e  
between the  green and golden-brown algae is the presence  of  fucoxanthin i n  t h e  
golden-brown c o l o r  group. This  pigment a l lows  s p e c t r a l  d i f f e r e n t i a t i o n  between 
these  two co lo r  groups.  Blue-green algae, which are no t  represented  i n  fig
ure  2 ,  have an abso rp t ion  spectrum i n d i c a t i v e  of  t h e i r  primary pigment, 
phycocyanin. 

The exchange of  energy between pigments i n  algae is presented i n  an ele
mentary form i n  f i g u r e  3.  A l l  pigments can absorb  appropr i a t e  wavelengths o f  
l i g h t  d i r e c t l y ,  and t h e  energy is then t r a n s f e r r e d  toward ch lorophyl l  a. Since  
t h i s  process  is less than  100-percent e f f i c i e n t  f o r  a l l  but  ch lorophyl l  b, some 
of t h e  energy which is no t  t r a n s f e r r e d  t o  t h e  nex t  pigment is  l o s t  by nonradi
a t i v e  processes  ( u s u a l l y  conversion t o  h e a t ) ,  and t h e  remainder is  d i s s i p a t e d  
as f luorescence  by t h e  pigment. The energy reaching  ch lorophyl l  2 e x c i t e s  it 
above the  f i r s t  s i n g l e t  s t a t e  of t h e  molecule.  Energy s t o r e d  i n  t h e  chloro
phy l l  a is then used i n  photosynthes is  wi th  any remaining energy d i s s i p a t e d  as 
f luorescence .  S ince  a l l  a l g a e  conta in  ch lo rophy l l  2, i ts  f luorescence  proper
t i e s  are important  f o r  use i n  a c t i v e  remote sens ing  techniques .  A t y p i c a l  
f luorescence  spectrum f o r  green and golded-brown a l g a e  is shown i n  f i g u r e  4. 
The primary f luorescence  peak a t  685 nm r e s u l t s  from deexc i t a t ion  of  t h e  first 
s i n g l e t  s ta te  of  ch lo rophy l l  a t o  t h e  ground state. The secondary peak a t  
735 nm is g e n e r a l l y  lower than t h e  primary peak, and it is  a r e s u l t  o f  a secon
dary energy exchange mechanism a s s o c i a t e d  wi th  photosynthes is .  Red and blue-
green a lgae  a l s o  have t h e i r  primary f luo rescence  peak a t  685 nm. Thus, a c t i v e  
remote sens ing  techniques  are based upon d e t e c t i o n  of  t h e  laser- induced f luo 
rescence of  ch lorophyl l  a i n  vivo a t  685 nm. 

Normalized e x c i t a t i o n  s p e c t r a  f o r  r e p r e s e n t a t i v e  s p e c i e s  of algae i n  t h e  
fou r  primary a lga l  c o l o r  groups (golden-brown, g reen ,  r e d ,  and blue-green) are 
shown i n  f i g u r e  5. I n  t h i s  f i g u r e ,  t h e  f luo rescence  of  ch lorophyl l  i n  v ivo  
w a s  monitored a t  685 nm whi le  t h e  wavelength of  t h e  e x c i t a t i o n  l i g h t  w a s  
scanned from 360 nm t o  680 nm by a Perkin-Elmer f luo rescence  spectrophotometer .  
The peaks of  t h e  e x c i t a t i o n  s p e c t r a  were normalized t o  a va lue  o f  10 f o r  com
par i son  between c o l o r  groups.  Spectrophotometer s t u d i e s  have i n d i c a t e d  t h a t  
t h e s e  s p e c t r a  are q u a l i t a t i v e l y  r e p r e s e n t a t i v e  of  o t h e r  a lgal  s p e c i e s  conta ined  
i n  t h e  same c o l o r  groups ( r e f .  8 ) .  
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DERIVATION OF POWER RECEIVED BY LASER FLUOROSENSOR SYSTEM 

Unexplained assumptions by many au tho r s  (refs. 8 t o  1 4 )  i n  de r iv ing  t h e  
governing equat ion  f o r  the  power rece ived  by a laser f luo rosenso r  system have 
r e s u l t e d  i n  va r ious  r e l a t i o n s h i p s  which d i f f e r  by as much as a f a c t o r  of  2Tr. 
A thorough d e r i v a t i o n  of  t h i s  equat ion  w i t h  j u s t i f i e d  assumptions is  needed t o  
es tabl ish the  a p p r o p r i a t e  form o f  t he  equat ion .  

The g e n e r a l  conf igu ra t ion  used i n  t h i s  d e r i v a t i o n  is given i n  f i g u r e  6.  
A common assumption i n  a l l  d e r i v a t i o n s  is t h a t  t he  algae and a l l  s c a t t e r i n  
material are uniform w i t h  depth i n  t h e  water. The laser i r r a d i a n c e  i n  W/m 5-nm 
which reaches a depth o f  z i n  the  water is g iven  by 

where 

P O  laser output  power, W 

B!2 atmospheric  e x t i n c t i o n  c o e f f i c i e n t  a t  laser wavelength,  m-l 

R d i s t a n c e  from laser f luo rescence  system t o  water, m 

pk water s u r f a c e  r e f l e c t i v i t y  a t  laser wavelength 

y!$ e f f e c t i v e  a t t e n u a t i o n  c o e f f i c i e n t  of  water a t  laser wavelength, 

Z water depth o f  d i f f e r e n t i a l  volume under examinat ion,  m 

wavelength bandwidth of laser energy,  nm 

A, area i l l umina ted  by laser a t  a depth o f  z, m2 

The e f f e c t i v e  water a t t e n u a t i o n  c o e f f i c i e n t  may vary  w i t h  depth ( r e f .  15)  
because o f  changes i n  the  angular  d i s t r i b u t i o n  o f  laser l i g h t  as i t  is mul t ip ly  
scattered and devia ted  from col l imated  l i g h t  a t  t h e  s u r f a c e  t o  r e l a t i v e l y  d i f 
f u s e  l i g h t  s e v e r a l  a t t e n u a t i o n  lengths  underwater ( ref .  16 ) .  The s ing le -
s c a t t e r i n g  a t t e n u a t i o n  c o e f f i c i e n t  f o r  a co l l imated  beam is 

a = a + b  

where a is the  abso rp t ion  c o e f f i c i e n t  and b is the  s c a t t e r i n g  c o e f f i c i e n t .  
It is assumed i n  the d e r i v a t i o n  o f  OL t h a t  i f  a photon is s c a t t e r e d  it is l o s t  
t o  t he  beam, and t h e  energy i n  the  unsca t t e red  beam is exponen t i a l ly  reduced 
by t h e  amount e-ar where r is t h e  d i s t a n c e  t r a v e l e d  i n  t he  water ( re f .  16). 
Since the  laser e x c i t a t i o n  wavelengths f o r  algae are between 400 and 650 nm, 
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the  s c a t t e r i n g  c o e f f i c i e n t  i s ,  i n  g e n e r a l ,  many times larger than the  absorp
t i o n  c o e f f i c i e n t  (ref.  17 ) .  The i r r a d i a n c e  a t  d e p t h  z i nc ludes  unsca t t e red  
and scattered l i g h t .  The e f f e c t i v e  a t t e n u a t i o n  c o e f f i c i e n t  is then less than 
CC because t h e  scattered l i g h t  is mostly forward scattered ( r e f .  181, and thus  
it can a l s o  become p a r t  of  the irradiance a t  depth z .  The d i f f u s e  a t t e n u a t i o n  
c o e f f i c i e n t  determines t h e  exponen t i a l  a t t e n u a t i o n  o f  d i f f u s e  l i g h t  w i t h  depth.  
Duntley (ref.  19)  empi r i ca l ly  determined t h a t  the  d i f f u s e  a t t e n u a t i o n  c o e f f i 
c i e n t  k is 

b 
k = a + 

6 

Because of  t h e  large c o n t r i b u t i o n  o f  scattered l i g h t  t o  the  i r r a d i a n c e  of  t h e  
laser l i g h t ,  t h e  e f f e c t i v e  a t t e n u a t i o n  c o e f f i c i e n t  f o r  laser pene t r a t ion  YIJ 
is be t te r  approximated by t h e  d i f f u s e  a t t e n u a t i o n  c o e f f i c i e n t  kg, a t  the  laser 
wavelength than by t h e  s i n g l e - s c a t t e r i n g  a t t e n u a t i o n  c o e f f i c i e n t .  The l i m i t i n g  
value of  Yg, is a% f o r  very large c o l l e c t i o n  cone ang le s ,  t h a t  is, greater 
than 40° (ref.  2 0 ) ;  however, t h i s  extreme va lue  f o r  t h e  e f f e c t i v e  a t t e n u a t i o n  
c o e f f i c i e n t  is not  f e l t  t o  be g e n e r a l l y  a p p l i c a b l e  f o r  most laser i r r a d i a n c e  
cases. I n  t h i s  a n a l y s i s  it is assumed t h a t  y is  cons t an t  w i t h  d e p t h .  It 
should be noted t h a t  Koeppen and Walker ( r e f .  15) have r epor t ed  t h a t  y may 
change w i t h  d e p t h ;  however, no gene ra l i zed  r e l a t i o n s h i p  was given f o r  t h i s  
v a r i a t i o n .  

The laser- induced f luo rescence ,  i n  W/nm, emi t ted  from t h e  ch lo rophy l l  5 
i n  v ivo  a t  685 nm contained i n  t h e  d i f f e r e n t i a l  volume A, dz a t  a depth 
of z is 

dF(Xf) AXf = H, AXIJ anAz dz ( 2 )  

where 

Ax f f luorescence  bandwidth a t  685 nm, nm 

(5 c r o s s  s e c t i o n  f o r  f luorescence  a t  685 nm per  ch lo rophy l l  g molecule 
contained i n  the  algae when exc i t ed  by laser wavelength XIJ ,
m*/mo l e c u l e  

n concen t r a t ion  of ch lo rophy l l  g contained i n  the  algae,  molecule/m3 

The f luorescence  c r o s s  s e c t i o n  per  ch lorophyl l  g molecule i s  equa l  t o  the  
f luorescence  energy emitted per  ch lo rophy l l  a molecule a t  685 nm div ided  by 
t h e  i n c i d e n t  e x c i t a t i o n  energy p e r  u n i t  area, 

The f luo rescence  which is emi t t ed  from the  volume A, dz i n  t he  d i r e c t i o n  
o f  the laser f luo rosenso r  system is refracted a t  the  water s u r f a c e .  Thus, the 
c r i t e r i o n  for f luorescence  t o  be c o l l e c t e d  by the t e l e scope  r e c e i v e r  system is  
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0
where 8 is the  ang le  o f  the  f luorescence  emi t t ed  from the volume A, dz mea- d 

sured from the  v e r t i c a l ,  0 '  is the  ang le  o f  the  f luo rescence  after r e f r a c t i o n  I 

a t  t h e  water s u r f a c e ,  and D,  the  t e l e scope  diameter, is  equa l  t o  ,/- where 1 
;

A, is t h e  area o f  the  r ece iv ing  t e l e scope .  By us ing  S n e l l ' s  Law and assuming 
tha t  8 and 8 '  are small ang le s ,  the  previous  c r i t e r i o n  becomes I 

D 
0 6  

2(2  + mR) 

where m is t h e  index of  r e f r a c t i o n  f o r  water. The f luo rescence  which i s  
emit ted from t h e  volume A, dz i n t o  t h e  s o l i d  a n g l e  I T ( z ~ ) ~ / z ~is c o l l e c t e d  
by the  t e l e scope  r e c e i v e r  system. Based on t h e  l i m i t i n g  va lues  f o r  8 ,  the  
maximum value of  the c o l l e c t i o n  s o l i d  ang le  is Ar/(z + m R I 2 .  S ince  the  f luo 
rescence from the volume A, dz is emi t ted  i n t o  4n s t e r a d i a n s ,  t he  f r a c t i o n a l  
propor t ion  of e m i t t e d  f luorescence  t o  be c o l l e c t e d  by t h e  t e l e scope  is 
A,/4n(z + m R I 2 .  Thus, t h e  d i f f e r e n t i a l  power rece ived  a t  t he  d e t e c t o r  i n  
t he  laser f luo rosenso r  system w i t h  t h e  f i e l d  of view o f  t h e  r e c e i v e r  l a r g e  
enough t o  accept  t he  f luorescence  e m i t t e d  from the  a l g a e  contained i n  t h e  
volume A, dz is 

where 

Y f  e f f e c t i v e  a t t e n u a t i o n  c o e f f i c i e n t  of  water a t  685 nm, m-l  

P f  water su r face  r e f l e c t i v i t y  a t  685 nm 

B f  atmospheric e x t i n c t i o n  c o e f f i c i e n t  a t  685 nm, m - l  

5 o p t i c a l  e f f i c i e n c y  of r e c e i v e r  system 

AA d r e c e i v e r  wavelength bandwidth, nm 

Since t h e  abso rp t ion  c o e f f i c i e n t  a is i n  g e n e r a l  larger than t h e  s c a t 
t e r i n g  c o e f f i c i e n t  b a t  685 nm f o r  a wide  range of water  t u r b i d i t y  ( r e f .  171, 
t h e  e f f e c t i v e  a t t e n u a t i o n  c o e f f i c i e n t  f o r  t h e  f luorescence  Yf i s  dominated 
by a .  The form of  Y f  is 

bf 
Yf = af + -

C 
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where c can range from 1 t o  6 depending upon the  r a t i o  a /b .  For example, 
i f  a / b  > 2 ,  c may be i n  t he  range 1 < c < 3, and t f  a /b  < 1/3, c may 
range from 3 < c < 6 .  With most of the f luo rescence  power reaching: the  
r e c e i v e r  being emitted wi th in  two a t t e n u a t i o n  lengths  of  t h e  s u r f a c e  and w i t h  
a > b f o r  most cases, the  o p t i c a l  depth due t o  s c a t t e r i n g  is less than 1 .  
From data presented  i n  r e fe rence  18 on t h e  propagat ion of  l i g h t  from a s p h e r i 
cal  lamp, it can be reasoned t h a t  f o r  s c a t t e r i n g  o p t i c a l  depths  less  than 1 
t h e  va lue  of c f a l l s  i n  the  range 1 < c < 2. S ince  t h e  e f f e c t i v e  a t tenua
t i o n  c o e f f i c i e n t  v a r i e s  w i t h  depth and t u r b i d i t y , ' i t s  form can only be roughly 
approximated by 

Combining equa t ions  ( I ) ,  (21, and ( 3 )  y i e l d s  

e- (YR+Yf)  z 
d P r  = K dz 

( z  + m R I 2  

where 

The t o t a l  power rece ived  by the  t e l e scope  is  obta ined  by i n t e g r a t i o n  of  
dPr over a l l  va lues  of z .  Thus, 

Pr = K dz 
0 ( z  + m R I 2  

mR + z 
Making t h e  t ransformat ion  w = - y i e l d s

mR 
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By us ing  t h e  d e f i n i t i o n  f o r  a second-order exponen t i a l  i n t e g r a l ,  
I 

(eq .  5.1.4 of  ref .  21) and t h e  recur rence  r e l a t i o n s h i p ,  

( eq .  5.1.14 of r e f .  2 l ) ; t h e  power rece ived  equat ion  can be w r i t t e n  as 

Since  t h e  smallest va lues  f o r  t h e  e f f e c t i v e  a t t e n u a t i o n  c o e f f i c i e n t s  are 

t h e  r e s p e c t i v e  abso rp t ion  c o e f f i c i e n t s ,  af = 0.45 m-’ a t  685 nm and 

ag > 0.05 m-l between 400 nm =< Xg =< 650 nm ( r e f .  1 7 ) .  Thus, t h e  va lue  

of  + Yf must be g r e a t e r  than 0.50 m-l, and s i n c e  m = 1.33 and R 2 100 m 

f o r  most cases, (yg + yf)mR Z 66. The f u n c t i o n a l  r e p r e s e n t a t i o n  f o r  E l ( x )  

can be shown t o  be approximated wi th  less than  0.1-percent e r r o r  by t h e  first 

two terms i n  its asymptot ic  expansion,  


when x 2 66 (eq .  5.1.51 and tab le  5.2 of re f .  21) .  S u b s t i t u t i o n  of  t h i s  

approximation i n t o  equat ion  ( 5 )  y i e l d s  t h e  fo l lowing  gene ra l  equat ion  f o r  t h e  

f luorescence  power de t ec t ed  by t h e  laser f luo rosenso r  system: 


The unce r t a in ty  d iscussed  p rev ious ly  i n  spec i fy ing  t h e  va lues  of yg and yf 

makes t h e  small c o r r e c t i o n  f a c t o r s  f o r  s u r f a c e  r e f l e c t i v i t y  and atmospheric 

a t t e n u a t i o n  f o r  ranges less  than 1 km n e g l i g i b l e .  Thus, t h e  s i m p l i f i e d  form 

of t h e  power rece ived  is 
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where t h e  approximations f o r  yg and yf are yg = ag + bg/6 and 

yf  ZZ af + bf/1.5.  With laser e x c i t a t i o n  wavelength i n  t h e  range 

400 nm 6 xg 5 650 nm and w i t h  xf = 685 nm, the  va lue  of  yf  is  more than 

2 times the  value of yg determined from t h e  data taken from Vineyard Sound 
( ref .  22) and Chesapeake Bay ( r e f .  23) .  The equa t ions  g iven  i n  r e fe rences  8 
t o  14 f o r  t h e  power rece ived  by a laser f luo rosenso r  system range from a f a c t o r  
o f  27rm2 larger t o  a f a c t o r  of  yg less  than equat ion  ( 6 ) .  Equation ( 6 )  
is f e l t  t o  be the  c o r r e c t  r e p r e s e n t a t i o n  of  the power r ece ived ,  and t h e  concen
t r a t i o n  of  ch lorophyl l  -a i n  vivo can be obtained by so lv ing  f o r  n i n  equa
t i o n  ( 6 ) .  Thus, 

T h i s  is the  bas i c  r e l a t i o n s h i p  used w i t h  a l l  s i n g l e - and multiple-wavelength 
laser  f luorosensor  systems f o r  de te rmina t ion  of ch lo rophy l l  -a i n  vivo 
concen t r a t ions .  

SINGLE-WAVELENGTH LASER FLUOROSENSOR SYSTEMS 

The first l abora to ry  tes ts  involv ing  laser- induced f luorescence  of a l g a e  
were conducted by Hickman and Moore ( r e f .  9 )  i n  1970 us ing  a n i t rogen  laser 
ope ra t ing  a t  337 nm and two a l g a l  s p e c i e s ,  Anacyst is  n idulans  ( a  blue-green 
a l g a e )  and Ch lo re l l a  pyrenoidosa ( a  green a l g a e ) .  The f luorescence  of chloro
phy l l  a contained i n  t h e  a lgae  was de tec t ed  a t  680 nm. Laboratory experiments 
revea led  t h a t  laser- induced f luorescence  from a ch lo rophy l l  a concent ra t ion  of 
6 p g / l i t e r  which w a s  contained i n  Anacyst is  n idu lans  was remgtely detectable 
from l e s s  than 1 m. P r o j e c t i o n s  of  these measurements suggested t h a t  an a i r 
borne l a s e r / r e c e i v e r  system could detect  these same concen t r a t ions  of chloro
phy l l  a i n  vivo from a d i s t a n c e  of  100 m. Friedman and Hickman (ref.  I O )  were 
the  first t o  state t h a t  va r ious  a lga l  s p e c i e s  could be i d e n t i f i e d  by d e t e c t i o n  
of the i r  f luorescence  s i g n a t u r e s  us ing  a tunab le  laser as t h e  e x c i t a t i o n  
source .  They concluded t h a t  i f  only ch lo rophy l l  a i n  vivo is of  i n t e r e s t ,  t h e  
optimum e x c i t a t i o n  wavelength is 600 k50 nm and the optimum d e t e c t i o n  wave
l eng th  is 685 nm. Measurement of  concen t r a t ions  as low as 1 pg / l i t e r  f o r  
ch lorophyl l  a i n  v ivo  from a d i s t a n c e  o f  500 m us ing  a 100-kW peak power laser 
was ca l cu la t ed  t o  be feasible .  

The first f i e l d  t e s t  of a single-wavelength laser system f o r  t h e  d e t e c t i o n  
of  ch lorophyl l  a contained i n  algae was conducted i n  December of 1971 by Mumola 
and K i m  ( re f .  17) from a f i x e d  p la t form on the  Thimble Shoals  Channel P i e r  of  
t h e  Chesapeake Bay Bridge Tunnel. A c o a x i a l ,  flash-lamp-pumped, rhodamine 6G 
dye laser was used as t h e  e x c i t a t i o n  source ,  and a 15-cm-diameter t e l e s c o p e ,  
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w i t h  a narrow band-pass f i l t e r  which was centered  a t  685 nm, was used as t h e  1 
I 

r e c e i v e r .  Resu l t s  from t h i s  f i e l d  t r i p  are shown i n  f i g u r e  7. Chlorophyl l  -a 
i n  vivo concen t r a t ions  were determined a t  1-hour i n t e r v a l s  over a 24-hour 1 

per iod .  I n  s i t u  data ( d a t a  obta ined  by ana lyz ing  samples taken from t h e  water )  
were suppl ied  by t h e  Environmental P r o t e c t i o n  Agency (EPA). The f luo rescence  1

s i g n a l s  were normalized t o  EPA f i n d i n g s  a t  2000 EST on December 29, 1971. The ! 

r e s u l t s  o f  t h i s  experiment were encouraging,  and subsequent h e l i c o p t e r  f l i g h t  
experiments were conducted ne& Wallops I s l a n d ,  V i rg in i a .  However, t h e s e  
f l i g h t  experiments r e s u l t e d  i n  only  l imi t ed  success .  

* 

U s i n g  t h e  same basic laser  system which was used i n  f i e l d  tests over t h e  
Chesapeake Bay, K i m  (ref. 12) f l e w  t h e  ins t rument  i n  a h e l i c o p t e r  over Lake I 

8Ontar io  a t  t h e  r eques t  o f  EPA. A t r a n s e c t  was made o f  Lake Ontar io  from west 
of Rochester ,  New York, t o  t h e  Canadian shore  a t  an a l t i t u d e  of  30 m. The 
remotely sensed ch lo rophy l l  g i n  v ivo  concen t r a t ions  were found t o  be 50 per
cen t  higher  a long  t h e  United States s i d e  than i n  midlake or on t h e  Canadian 
s i d e .  The r e s u l t s  of  t h i s  f l i g h t  are presented  i n  f i g u r e  8. No sea t r u t h  
measurements were r epor t ed  f o r  t h i s  experiment.  One o f  t h e  primary drawbacks 
of t h e  single-wavelength laser system was i ts  i n a b i l i t y  t o  account f o r  d i f f e r 
ences i n  absorp t ion  by va r ious  pigments contained i n  d i f f e r e n t  a l g a l  c o l o r  
groups.  Thus, t h e  laser system would not  be able t o  a c c u r a t e l y  determine 
ch lorophyl l  i n  vivo concen t r a t ions  i f  t h e  mixture  o f  a lgal  types  changed 
over t he  f l i g h t  pa th .  Also,  any change i n  t h e  l i g h t  s c a t t e r i n g  p r o p e r t i e s  of  
t h e  water dur ing  t h e  f l i g h t  would a l s o  produce e r r o r s  i n  t h e  c a l c u l a t e d  va lues  
f o r  ch lorophyl l  -a i n  v ivo  concen t r a t ions .  

MULTIPLE-WAVELENGTH LASER FLUOROSENSOR SYSTEM 

A f our-color  a i r b o r n e  f luo rosenso r  ( ALOPE - Airborne L i d a r  Oceanographic 
Probing Experiment) was developed a t  NASA Langley Research Center ( refs .  8 ,  
13, and 14)  f o r  determining t h e  d i s t r i b u t i o n  and ch lo rophy l l  a i n  v ivo  concen
t r a t i o n s  of  t h e  fou r  primary a lga l  co lo r  groups.  The l a s e r  e x c i t a t i o n  wave
l e n g t h s  used f o r  t h e  golden-brown, green ,  r e d ,  and blue-green co lo r  groups 
were 454, 539, 598, and 6.18 nm, r e s p e c t i v e l y .  These were the  most optimized 
laser wavelengths which could be obtained wi th  t h e  low-gain l a s e r  design used 
i n  the ALOPE system. A s i n g l e  l i n e a r  f l a s h  lamp is  used t o  s imultaneously pump 
f o u r  dye cel ls  symmetr ical ly  spaced about the  f l a s h  lamp, and a r o t a t i n g  aper
t u r e  permit ted l a s i n g  from only one dye laser c a v i t y  a t  a time. The ALOPE sys
tem is shown schemat ica l ly  i n  f i g u r e  9.  A system o f  bending mi r ro r s  d i rec ts  
t h e  l a s e r  l i g h t  c o a x i a l  wi th  t h e  25.4-cm-diameter t e l e scope  r ece iv ing  system. 
The f luorescence  of t h e  ch lo rophy l l  a i n  v ivo  is c o l l e c t e d  by t h e  t e l e scope  
system, which passes  only l i g h t  a t  685 nm. 

By assuming uniform v e r t i c a l  d i s t r i b u t i o n  of  t u r b i d i t y  and ch lorophyl l  -a 
i n  vivo concent ra t ion  i n  t h e  water, a set  of  fou r  coupled equat ions  r e s u l t s  
from summing the  f luo rescence  con t r ibu t ion  t o  t h e  power rece ived  by the  laser 
f luorosensor  system from each a lga l  c o l o r  group f o r  each laser e x c i t a t i o n  wave
l eng th .  The p e r t i n e n t  equa t ions ,  der ived from equat ion  (61 ,  are 

12 




where s u b s c r i p t  i denotes  t h e  laser e x c i t a t i o n  wavelength, and s u b s c r i p t  j 
denotes  t h e  a lga l  co lo r  group. It should be noted t h a t  t h e s e  equat ions  are 
d i f f e r e n t  from t h e  equa t ions  der ived  i n  r e fe rences  8 ,  13, and 14 (which are a l l  
by t h e  same au thor s )  f o r  a multiple-wavelength laser f luo rosenso r  system. The 
matrix elements  f o r  equat ion  (8) can be w r i t t e n  as 

4 
X i  = a i j n j  

j = 1  

where 

( I O )  . 

and 

Thus t h e  mat r ix  form of equat ion  ( 8 )  i s  

The concen t r a t ion  mat r ix  N can then be determined from 

where E-1 is t h e  inve r se  mat r ix  of  E .  The mat r ix  d e r i v a t i o n  of equat ion  ( 1 1 ) .  
is similar t o  t h a t  given i n  r e fe rences  8 ,  13,  and 14. I n  o rde r  f o r  t h e  concen
t r a t i o n s  of  ch lo rophy l l  a f o r  each algal co lo r  group t o  be determined from 
equat ion  ( I I ) ,  t h e  f luorescence  c r o s s  s e c t i o n s  of  t h e  algae O . ( X i )  must be 
known f o r  each measurement, and t h e  parameters  P r (  X i ) ,  Po( X i 3 ,  Y f ,  and Y i  
must be determined f o r  each laser f i r i n g .  I n  t h e  i n i t i a l  experiments which 
were conducted wi th  t h e  ALOPE sy.stem, only t h e  power rece ived  by t h e  d e t e c t i o n  
system P r ( X i )  w a s  recorded f o r  each laser s h o t .  It w a s  assumed t h a t  t h e  
power output  o f  each laser w a s  p r e d i c t a b l e  and t h a t  t h e  a t t e n u a t i o n  c o e f f i 
c i e n t s  yf and y i  would be determined by i n  s i t u  measurement techniques .  

The first f i e l d  t e s t  of  t h e  ALOPE system w a s  conducted from t h e  George P .  
Coleman Bridge 30 m above t h e  s u r f a c e  of  t h e  York River a t  Yorktown, Vi rg in i a .  
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Ground t r u t h  data f o r  ch lo rophy l l  5 i n  v ivo  concen t r a t ions ,  s a l i n i t y ,  and , 
Ialgal  s p e c i e s  i d e n t i f i c a t i o n  were suppl ied  by t h e  Vi rg in i a  I n s t i t u t e  o f  Marine 

Sc iences  ( V I M S ) ,  and water temperature  and a t t e n u a t i o n  c o e f f i c i e n t s  were mea- I 

sured  f o r  each tes t .  The r e s u l t s  from t h a t  test are shown i n  f i g u r e  10 
(ref. 8 ) .  Because o f  ambiguous data obtained a t  t h e  laser wavelengths of  
598 nm and 618 nm, only  resul ts  obta ined  a t  t h e  laser wavelengths of  454 nm 
and 539 nm, which corresponded t o  optimum e x c i t a t i o n  of  green and golden-brown 1 

1algae, were used t o  determine t h e  t o t a l  ch lo rophy l l  a concen t r a t ion  g iven  i n  
t h e  f i g u r e .  The c a l c u l a t i o n  w a s  made according t o  a m a t r i x  equat ion  ( ref .  13) I

* which was similar t o  equat ion  ( 1 1 ) .  However, t h e  cons t an t  i n  t h e  power-
received equat ion  i n  r e fe rence  13 is a f a c t o r  of  2 larger than equat ion  ( 8 ) ,  
and r e fe rence  13 d e f i n e s  Yf and y i  as t h e  s i n g l e - s c a t t e r i n g  a t t e n u a t i o n  
c o e f f i c i e n t s  af and C l i .  S ince yf and y i ,  as def ined  p rev ious ly ,  are 
always less  than Clf and a i ,  t h e  va lue  of  P r ( X i )  would be smaller because 
of t he  s i n g l e - s c a t t e r i n g  a t t e n u a t i o n  c o e f f i c i e n t  assumption. Thus t h e  e r r o r s  
i n  t h e  a n a l y s i s  o f  ALOPE data were somewhat o f f s e t t i n g ,  and t h e  r e s u l t s  which 
were obta'ined were encouraging enough so t h a t  t h e  instrument  was subsequent ly  
flown over  t h e  lower end of t h e  James River i n  Vi rg in i a .  F igure  11 shows t h e  
f l i g h t  pa th  of  t h e  h e l i c o p t e r  on t h e  138-km f l i g h t .  The d i s t a n c e  from t h e  
laser system t o  t h e  water was approximately 100 m ,  and,  as a r e s u l t  of  a 
2-second i n t e r v a l  between each of  t h e  f o u r  laser f i r i n g s ,  one complete data 
set  was obta ined  over  each 270 meters. The averages  of  t h e  r e a o t e l y  sensed 
ch lorophyl l  5 c o n c e n t r a t i o n s ,  calculated from t h e  power-received equat ion  
i n  r e fe rences  8 and 14 were obta ined  f o r  each leg o f  t h e  f l i g h t  and are pre
sented  only f o r  information i n  f i g u r e s  11  and 12. (The e r r o r  bars r e p r e s e n t  
d i f f e r e n c e s  between outgoing and incoming legs of  t h e  f l i g h t . )  Note the 
2vm2 d i f f e r e n c e  between equat ion ( 8 )  and the  power-received equat ion  i n  
r e fe rences  8 and 14 and a l s o  note  a t t e n u a t i o n  c o e f f i c i e n t  d e f i n i t i o n  d i f f e r 
ences.  I n  a d d i t i o n ,  it should be mentioned t h a t  t h e  data obta ined  wi th  t h e  
rhodamine 6G laser ,  which o p e r a t e s  a t  598 nm, were no t  used because of  f i l t e r  
blocking problems and because ground t r u t h  measurements i n d i c a t e d  t h a t  t h e r e  
were no r e d  algae p r e s e n t  i n  t h e  water. The f luo rescence  c r o s s  s e c t i o n s  g iven  
i n  r e fe rence  14 were used i n  t h e  data r educ t ion ,  and a t t e n u a t i o n  c o e f f i c i e n t s  
were obtained from i n  s i t u  measurements over t h e  f l i g h t  pa th  of  t h e  h e l i c o p t e r .  
No comparison of  t h e s e  r e s u l t s  wi th  i n  s i t u  measurements o f  ch lo rophy l l  a con
c e n t r a t i o n s  was repor t ed .  The c a l c u l a t e d  concen t r a t ions  of  ch lo rophy l l  ;i n  
each a l g a l  co lo r  group can only be expected t o  p r e d i c t  t h e  a c t u a l  concentra
t i o n s  when t h e  proper  r e l a t i o n s h i p ,  as g iven  i n  equat ion  (81, i s  used t o  re la te  
the  f luorescence  power rece ived  by t h e  laser f luo rosenso r  system t o  t h e  chloro
p h y l l  -a concen t r a t ion  i n  t h e  water. 

ERROR ANALYSIS OF LASER FLUOROSENSOR SYSTEMS 

Single-Wavelength Systems 

The ch lo rophy l l  a i n  vivo concen t r a t ion  is  determined f o r  a s i n g l e -
wavelength laser f luo rosenso r  system by equat ion  ( 7 ) .  To f i n d  t h e  s t a t i s t i ca l  
var iance  of  t he  ch lo rophy l l  -a i n  v ivo  concen t r a t ion ,  i t  is first assumed t h a t  
Po, P r ,  (ya + y f ) ,  and 0 are independent random v a r i a b l e s  and t h e  o t h e r  
parameters i n  t h e  equat ion  are c o n s t a n t s .  The general va r i ance  equa t ion ,  which 
is based upon propagat ion  of  e r r o r s  by leas t  squa res  ( ref .  241, is g iven  by 
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where 6f is the  s tandard  dev ia t ion  and ( 6 f l 2  is the  var iance  of  the  func
t i o n  f which has n independent v a r i a b l e s  U i ;  6Ui is  the  s tandard  devia
t i o n  and ( 6 ~ i ) ~is  t h e  var iance  of  u i .  It can be r e a d i l y  shown t h a t  from 
equat ion  ( 7 )  t h e  fo l lowing  va r i ance  r e l a t i o n s h i p  e x i s t s :  

where k = YR + y f .  The normalized va r i ance  of each of  t h e  v a r i a b l e s  t h u s  con
t r i b u t e s  equa l ly  t o  t h e  normalized var iance  of  the  ch lo rophy l l  s i n  v ivo  con
c e n t r a t i o n .  Table  1 con ta ins  example s o l u t i o n s  of equat ion  ( 1 3 ) .  It can be 
seen t h a t  t h e  v a r i a b l e  w i t h  t h e  l a r g e s t  normalized s tandard  dev ia t ion  dominates 
t h e  normalized s tandard  dev ia t ion  f o r  t he  ch lorophyl l  a concen t r a t ion .  S ince  
power measurements can be made t o  an accuracy of  2.5 p e r c e n t ,  t h e  concen t r a t ion  
e r r o r  is due mostly t o  u n c e r t a i n t i e s  i n  f luorescence  c r o s s  s e c t i o n  and effec
t i v e  a t t e n u a t i o n  c o e f f i c i e n t .  The expected magnitude of these u n c e r t a i n t i e s  
is  d iscussed  i n  a subsequent s e c t i o n .  

Multiple-Wavelength Systems 

Two d i f f e r e n t  approaches t o  the e r r o r  a n a l y s i s  f o r  a multiple-wavelength 
system are used.  I n  t h e  f i r s t  approach, a l l  of  t h e  f luo rescence  c r o s s  sec
t i o n s  aj(Xi) i n  equat ion  (8 )  are considered independent v a r i a b l e s .  The 
second approach assumes t h a t  t h e  f luorescence  c r o s s  s e c t i o n s  f o r  each a lga l  
co lo r  group always have t h e  same r e l a t i v e  magnitude and vary only i n  a b s o l u t e  
magnitude. 

F i r s t  approach.- The va r i ance  equat ion  which is based upon t h e  first 
approach can be der ived from equat ion  ( 9 )  by us ing  t h e  inve r se  mat r ix  Z-l 
def ined i n  equat ion ( 1 1 )  and t h e  g e n e r a l  va r i ance  equat ion  def ined  i n  
equat ion  (12 ) .  The d e r i v a t i o n  of  t h e  va r i ance  equat ion  f o r  ch lorophyl l  5 
concen t r a t ion  ( p r i v a t e  communication from R .  T .  Thompson, Jr., Old Dominion 

b Unive r s i ty ,  Norfolk,  V i rg in i a )  r e s u l t s  i n  t he  fo l lowing  r e l a t i o n s h i p :  

where E j m  are the  elements  P1 and the  o t h e r  parameters  are t h e  same as 
those  prev ious ly  def ined  i n  d e r i v i n g  equat ion  ( 1 1 ) .  The normalized form of  
t h i s  equat ion  is 
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The d e f i n i t i o n  of x i
be r e a d i l y  used t o  show 

(eq .  ( I O ) )  and t h e  g e n e r a l  va r i ance  equat ion  (12) can 

where k i  = yf + y i .  For t h e  p re sen t  d i s c u s s i o n s  t h e  s u b s c r i p t s  are dropped 
from t h e  normalized va r i ances  ( e . g . ,  6 O m i / O m i  6O/O f o r  m = 1 , 2 , 3 , 4  and 
i = 1 , 2 , 3 , 4 ) .  Equat ions ( 1 4 )  and (15) then  become 

c 1 

and 

These equat ions  were eva lua ted  f o r  two cases. I n  case I ,  t h e  c a l c u l a t e d  
normalized var iance  f o r  t h e  ch lo rophy l l  concen t r a t ion  was based upon t h e  
laser e x c i t a t i o n  wavelengths and f luorescence  c r o s s  s e c t i o n s  which are used i n  
t h e  ALOPE system (ref.  14)  and are shown i n  table 2. I n  case 11, a se t  of  
optimized laser wavelengths were v i s u a l l y  chosen from f i g u r e  5 so t h a t  t h e  d i f 
f e rence  between each a l g a l  co lo r  group and the  o t h e r  three would be maximized. 
The f luorescence  c r o s s  s e c t i o n s  f o r  each a l g a l  c o l o r  group a t  each laser wave
l e n g t h  were obta ined  from t h e  data presented  f o r  r e p r e s e n t a t i v e  algal s p e c i e s  
i n  f i g u r e  5 of r e fe rence  14. Table 3 lists t h e s e  parameters .  No cons ide ra t ion  
was given t o  t h e  p r a c t i c a l i t y  of  u s ing  lasers which o p e r a t e  a t  t h e s e  wave
l e n g t h s ;  however, a l l  wavelengths throughout t h e  v i s i b l e  spectrum can be 
obta ined  w i t h  h igh  ga in  dye lasers. For both cases I and I1 i t  was assumed 
t h a t  t h e r e  was a mean concen t r a t ion  of  20 Ug/l i ter  of  ch lo rophy l l  a i n  vivo i n  
a l l  a l g a l  co lo r  groups p re sen t  i n  t he  water, and t h e  power r ece ived  f o r  each 
e x c i t a t i o n  wavelength was c a l c u l a t e d  from equat ion  (8 )  us ing  t h e  fo l lowing  
laser f luo rosenso r  system parameters  from r e f e r e n c e  14: 

5. = 0.25 

A, = 0.05 m2 

! 
j 

, 
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R = 100 m 

AXf = 20 nm 

Po(Xi) = 5000 W (peak power a t  each laser e x c i t a t i o n  wavelength X i )  

The normalized s tandard  d e v i a t i o n  f o r  t h e  ch lo rophy l l  a concent ra t ion  f o r  
cases I and I1 w a s  determined .from equa t ions  (16)  and 717) f o r  va r ious  va lues  
of t h e  normalized s tandard  d e v i a t i o n s  o f  P r y  Po, k ,  and 0. These r e s u l t s  
are shown i n  table  4.  

Second approach.- I n  t h e  second approach t o  t he  e r r o r  a n a l y s i s  of  the  
ch lo rophy l l  a concen t r a t ion ,  it is assumed tha t  t he  r a t i o s  between t h e  f luo res 
cence c r o s s  s e c t i o n s  a t  t h e  f o u r  e x c i t a t i o n  wavelengths f o r  each a lgal  c o l o r  
group are cons t an t  and only t h e  a b s o l u t e  magnitude o f  t h e  f luorescence  c r o s s  
s e c t i o n s  can change. With these assumptions,  equat ion  ( 9 )  can be reduced t o  

4 
X i  = a i j b j j n j  

j = 1  

where O i j  = a i j b j j  and a i j  are cons t an t s .  I n  mat r ix  form t h i s  may be 
w r i t t e n  

X = A B N  

where B is a d iagonal  mat r ix  and A is  a mat r ix  of  c o n s t a n t s .  Taking a 
d e r i v a t i v e  of both s ides  and us ing  t h e  cha in  r u l e  r e s u l t s  i n  t h e  fol lowing 
equat ion:  

X ' = A B ' N + A B N '  

By us ing  mat r ix  algebra, N '  can be determined from 

where A - I  and B-I are t h e  i n v e r s e  matrices f o r  A and B. It can a l s o  be 
shown tha t  B-I A'I = where Z'I w a s  p rev ious ly  de f ined .  I n  terms of 
mat r ix  e lements  equat ion  (18) can be w r i t t e n  

17 




._ .. . _._... . .... -... 1 

4 1 

where & j m  are the  ma t r ix  e lements  of and s i n c e  B is a d iagona l  ma t r ix ,  
B‘I is a d iagonal  ma t r ix  and has as i ts  mat r ix  e lements  l / b j j .  From t h i s  
equat ion  the  fo l lowing  p a r t i a l  d e r i v a t i v e s  can be obta ined:  

J - =  j m  
axm 

and 

S u b s t i t u t i o n  of these r e l a t i o n s h i p s  i n t o  t h e  g e n e r a l  va r i ance  eqdat ion  (12)  
y i e l d s  

The normalized form of t h i s  equat ion  becomes 

where 

8 b j j  

and 
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The f irst  term on t h e  r i g h t  s ide of  equat ion  (19)  is t h e  same as t h a t  i n  equa
t i o n  (14) .  This  would be expected because t h e  only d i f f e r e n c e ' i n  t h e  two 
approaches was i n  t h e  statist ics dea l ing  wi th  the  f luorescence  c r o s s  s e c t i o n s  
and not  the  X i  parameters .  The var iance  o f  t h e  normalized ch lorophyl l  a con
c e n t r a t i o n  contained i n  an a lgal  co lo r  group is dependent upon the va r i ance  i n  
t h e  normalized f luo rescence  c r o s s  s e c t i o n  a t  any e x c i t a t i o n  wavelength of  t h e  
same algal co lo r  group. Resu l t s  of  c a l c u l a t i o n s  of  Gnj/nj  from equat ion  (19)  
f o r  cases I and I1 are g iven  i n  tab le  5. It is assumed t h a t  t h e  normalized 
var iance  f o r  f luo rescence  c r o s s  s e c t i o n s  is t h e  same f o r  a l l  algal c o l o r  
groups.  

I n t e r p r e t a t i o n  of  t h e  data presented i n  tables  4 and 5 can only be made 
after cons ide ra t ion  is g iven  t o  t h e  magnitude and source  of t h e  u n c e r t a i n t i e s  
which can lead t o  errors i n  t h e  de te rmina t ion  o f  t he  ch lorophyl l  a concentra
t i o n  contained i n  each a l g a l  c o l o r  group. 

Parameters Which Can Alter Fluorescence of Chlorophyl l  5 I n  Vivo 

Some of  t he  f a c t o r s  which can a l t e r  t h e  f luo rescence  c r o s s  s e c t i o n  of 
algae inc lude  long- and short- term l i g h t  h i s t o r y ,  n u t r i e n t  and age e f fec ts ,  
and water temperature  (refs. 25 t o  30). With the  except ion  of t h e  work o f  
Campillo, Kollman, and Shapi ro ,  who used a laser e x c i t a t i o n  source a t  530 nm, 
a l l  t h e  data presented  i n  the fo l lowing  s e c t i o n s  a r e  from experiments where a 
broadband e x c i t a t i o n  source  i n  t h e  b lue  s p e c t r a l  r eg ion  w a s  used t o  e x c i t e  
broadband f luorescence  a t  685 nm. The r epor t ed  data are i n  terms of  t he  r a t i o  
of a l g a l  f l uo rescence  t o  ch lorophyl l  a i n  v ivo  concen t r a t ion .  This  r a t i o  is 
p ropor t iona l  t o  t h e  f luorescence  c r o s s  s e c t i o n  d i scussed  previous ly .  

~~Long-term l i g h t  h i s t o r y . - Changes i n  f luo rescence  l e v e l s  of ch lo rophy l l  -a 
i n  vivo r e s u l t  from i r r a d i a t i o n  of t h e  a l g a e  by d i f f e r e n t  amounts of  s o l a r  
r a d i a t i o n .  Munday and Govindjee ( ref .  25)  exp la in  t h i s  phenomenon as a 
"membranett r e a c t i o n  where d i f f e r e n t  r e a c t i o n  c e n t e r s  i n  t h e  c e l l  "movef1 wi th  
r e s p e c t  t o  each o t h e r  and t h u s  a l t e r  the  f luo rescence  p r o p e r t i e s  of t h e  c e l l .  
Kiefer's experiments  i n  t h e  Gulf of C a l i f o r n i a  and North Cen t ra l  Pacif ic  
(ref.  26) e s t a b l i s h e d  t h a t  a lgal  f luorescence  is  i n v e r s e l y  related t o  s o l a r  
i r r a d i a t i o n  and t h a t  t h i s  e f f e c t  w a s  l i m i t e d  t o  algae near  t h e  s u r f a c e  of t h e  
water. Laboratory t es t s  were performed by Blasco (ref.  27) w i t h  t h e  marine 
diatom Skeletonema costatum t o  determine t h e  day/n ight  e f f e c t  on a lgal  f luo 
rescence.  F igure  13 shows ch lorophyl l  a concen t r a t ion  ve r sus  f luorescence  f o r  

b 	 day and n i g h t  cond i t ions .  It can be seen tha t  t h e  r a t i o  of  f luorescence  t o  
ch lorophyl l  a concen t r a t ion  is 80 percent  larger a t  n i g h t  than during the  day. 
Blasco concluded t h a t  p r e d i c t i o n  of  ch lo rophy l l  concen t r a t ions  from f l u o r e s 
cence measurements is g r e a t l y  inf luenced  by the background i r r a d i a t i o n  
i n t e n s i t y .  

Short-term l i g h t  h i s t o r y . - The t r a n s i e n t  change i n  f luorescence  y i e l d  o f  
ch lorophyl l  i n  v ivo  during t h e  i n i t i a l  f e w  seconds o f  i l l umina t ion  has  been 
s tud ied  by Munday and Govindjee ( refs .  25 and 28) .  They conducted experiments  
i n t o  t h e  na tu re  of  t h e  short- term,  less than  2 sec, f luorescence  t r a n s i e n t  
a s soc ia t ed  wi th  t h e  algae Ch lo re l l a .  A r e p r e s e n t a t i v e  f luorescence  curve is 
given i n  f i g u r e  14. The algae were exposed t o  a 2-sec pu l se  of  low- in tens i ty  
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l i g h t .  The f luo rescence  y i e l d  rises ins t an taneous ly  t o  t h e  i n i t i a l  level 0. 
It then  rises t o  l e v e l  I i n  20 t o  50 msec, and remains cons t an t  or decreases  rs l i g h t l y  f o r  a b r i e f  per iod  before  r i s i n g  t o  t h e  peak P after 0.25 t o  1 sec. 2 

Within 1 t o  2 sec, it decreases  t o  t h e  s t e a d y - s t a t e  l e v e l  S. The f luo rescence  1 

tat  0 is t h e  only  p a r t  of  t h e  curve which w a s  found t o  be d i r e c t l y  p ropor t iona l  
1t o  the  i n t e n s i t y  of  t h e  e x c i t a t i o n  l i g h t .  Unlike t h e  o t h e r  p a r t s  of t h e  curve ,  

it is not  affected by p re i l l umina t ion  of t h e  algae. An a d d i t i o n a l  r e s u l t  found 4 

by Munday and Govindjee (refs. 25 and 28) was t h a t  t h e  time t o  peak P is 
i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  i n t e n s i t y  of  t h e  e x c i t a t i o n  l i g h t .  This  has  
important  imp l i ca t ions  f o r  laser l i g h t  e x c i t a t i o n  of  algae because wi th  high- & 

i n t e n s i t y  i l l u m i n a t i o n  t h e  f luo rescence  curve could go d i r e c t l y  t o  P without  
e s t a b l i s h i n g  0 ( p r i v a t e  communication from Govindjee,  Univers i ty  of  I l l i n o i s ,  
Urbana, I l l i n o i s ) .  The q u a l i t a t i v e  shape of  t h e  curve shown i n  f i g u r e  14 was * 
confirmed by E. V.  Browell ,  0. Jarret t ,  Jr., F. Farmer, and C. A .  Brown, Jr . ,  
us ing  Duna l i e l l a  _euc-h-lora. A Perkin-Elmer f luo rescence  spectrophotometer wi th  
a flowing sample ce l l  was used t o  permit  exposure times greater than 2 msec 
f o r  t h e  algae. Current  research i n t o  f luo rescence  emission of  algae us ing  
picosecond laser e x c i t a t i o n  pu l ses  has revea led  t h a t  t h e r e  is a decrease  i n  
t h e  f luorescence  c r o s s  s e c t i o n  w i t h  inc reas ing  p u l s e  i n t e n s i t y  ( re f .  30) .  
Also, t h e r e  is a change i n  t h i s  c r o s s  s e c t i o n  i f  a series of picosecond e x c i t a 
t i o n  pu l ses  separa ted  by s e v e r a l  nanoseconds are used because of  changes which 
occur  i n  t h e  a l g a e  af ter  each pu l se .  Thus, data obta ined  wi th  e x c i t a t i o n  times 
s h o r t e r  than a nanosecond o r  greater than s e v e r a l  mi l l i s econds  are no t  d i r e c t l y  
a p p l i c a b l e  t o  flash-lamp-pumped laser e x c i t a t i o n  p u l s e s  of  300 t o  500 nsec.  
The de te rmina t ion  of  the f luo rescence  na tu re  of  ch lo rophy l l  a i n  vivo i n  t h e  
submicrosecond range is very important  in- determining t h e  r e l a t i o n s h i p  between 
ch lorophyl l  a i n  vivo concen t r a t ion  and f luo rescence  y i e l d  f o r  flash-lamp
pumped l a s e r e x c i t a t i o n  a p p l i c a t i o n s .  

Nu t r i en t  and a g e _ e f f e C t s . - S ince  algae go from an exponent ia l  growth phase 
t o  a s t a t i o n a r y  growth phase as a r e su l t  of exhaus t ion  of  one of t h e  n u t r i e n t s  
i n  t h e  medium, it is p r i m a r i l y  t h e  l i m i t i n g  n u t r i e n t  which causes  changes i n  
f luorescence  p r o p e r t i e s  of t h e  a l g a e .  Blasco ' s  a n a l y s i s  of t h e  data obtained 
from i n v e s t i g a t i o n s  performed i n  northwestern Africa ( ref .  27)  showed t h a t  when 
a c u l t u r e  reaches  the  s t a t i o n a r y  growth phase,  t h e  r a t i o  of  f luorescence  t o  
ch lorophyl l  a concen t r a t ion  inc reases . .  These r e s u l t s  are shown i n  f i g u r e  15. 
Nitrates a r e d i r e c t l y  l i nked  t o  pigment formation wi th in  c e l l s ,  and as a r e s u l t ,  
t h e  r a t i o  of f luorescence  t o  ch lo rophy l l  a concen t r a t ion  i n c r e a s e s  immediately 
a f t e r  t h e  ce l l s  have exhausted the  n i t r a t e s  i n  t h e  medium. Phosphate-limited 
c u l t u r e s  which were tested by Blasco d i d  no t  e x h i b i t  an immediate change i n  
f luorescence  u n t i l  6 days a f t e r  most of t h e  phosphate had been deple ted  by t h e  
algae. I n  both cases t h e  exhaust ion o f  n u t r i e n t s  affects t h e  growth of  pig
ments and, i n  t u r n ,  reduces the  photosynthe t ic  a c t i v i t y  which a l lows  more 
energy t o  be d i s s i p a t e d  by f luorescence .  The change i n  the  r a t i o  of f luo res 
cence t o  ch lorophyl l  a concen t r a t ion  can be  over  100 percen t  f o r  both n i t r a t e -
and phosphate-exhausted a lga l  c u l t u r e s .  

Water temperature  e f f e c t . - There are c o n f l i c t i n g  r e p o r t s  i n  t h e  l i t e r a t u r e  
of t he  inf luence  of  temperature  on t h e  f luo rescence  c h a r a c t e r i s t i c s  of algae. 
Lorenzen (ref. 29) r epor t ed  a large decrease  i n  f luo rescence  when t h e  tempera
t u r e  of t h e  a lga l  medium was increased  from 12O C t o  3 5 O  C i n  a s h o r t  per iod 
of  time. Blasco ( ref .  27) a rgues  t h a t  t he  sudden change i n  temperature  caused 
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a stressed cond i t ion  i n  the  a l g a e  which caused t h i s  change i n  f luorescence .  
Laboratory r e s u l t s  which were r epor t ed  by Blasco ( ref .  27) are shown i n  fig
u re  16. These data were taken over  a 20-minute per iod  o f  time, andzthey 
e x h i b i t  a p o s i t i v e  change i n  f luorescence  wi th  temperature .  I n  c o n t r a s t  t o  
these two sets  o f  data,  Kiefer ( re f .  26) found, wh i l e  conducting experiments 
i n  the Gulf of C a l i f o r n i a ,  tha t  temperature  had no e f fec t  on the  f luorescence  
of ch lorophyl l  a i n  v ivo .  It is assumed t h a t  w i th in  n a t u r a l l y  occurr ing  
l i m i t s ,  temperature  i s  a r e l a t i v e l y  unimportant parameter i n  t h e  de te rmina t ion  
of ch lorophyl l  a i n  v ivo  f luo rescence .  

Addi t iona l  U n c e r t a i n t i e s  i n  t h e  Remote Q u a n t i f i c a t i o n  o f  

Chlorophyl l  a I n  Vivo 

It has been assumed i n  t h e  preceding d e r i v a t i o n  o f  t h e  equat ion  f o r  t he  
power rece ived  by a laser f luo rosenso r  system t h a t  measurements a t  d i f f e r e n t  
e x c i t a t i o n  wavelengths are made f o r  t h e  same water sampling volume. Under t h i s  
cond i t ion ,  it would be d i f f i c u l t  t o  p r e d i c t  t h e  e f f e c t i v e  a t t e n u a t i o n  c o e f f i 
c i e n t s  t o  greater than 30-percent accuracy even i f  the  va lues  f o r  t he  absorp
t i o n  and s c a t t e r i n g  c o e f f i c i e n t s  were known p r e c i s e l y .  This  is because t h e  
form of the equat ion  f o r  the  e f f e c t i v e  a t t e n u a t i o n  c o e f f i c i e n t  is only an 
approximation and because the a t t e n u a t i o n  c o e f f i c i e n t s  vary depending upon t h e  
scattering character is t ics ,  and t h e  amount and v e r t i c a l  d i s t r i b u t i o n  of  t u r 
b i d i t y .  If no knowledge of  t he  s c a t t e r i n g  c o e f f i c i e n t  can be remotely obtained 
f o r  t h e  sampling volume, the  unce r t a in ty  i n  YE and Yf would be greater than 
50 pe rcen t .  F u r t h e r ,  the  e f f e c t i v e  a t t e n u a t i o n  c o e f f i c i e n t  a t  each e x c i t a t i o n  
wavelength has a t  l eas t  a 5- t o  IO-percent u n c e r t a i n t y  r e l a t i v e  t o  o t h e r  exc i 
t a t i o n  wavelengths.  I f  the  measurements f o r  a l l  e x c i t a t i o n  wavelengths cannot 
be made f o r  t h e  same sampling volume, the  u n c e r t a i n t y  i n  the  a t t e n u a t i o n  coef
f i c i e n t s  f o r  each laser e x c i t a t i o n  becomes very large,  u n l e s s  t h e  body of  water 
is uniform i n  t u r b i d i t y  over t h e  d i s t a n c e  t r a v e l e d  dur ing  one measurement 
cyc le .  

For a f i e l d  measurement of  laser output  power and rece ived  f luorescence  
power, it is assumed t h a t  a measurement accuracy of  5 percent  is t y p i c a l  w i t h  
2 .5  percent  a t t a i n a b l e .  

A greater than 40-percent v a r i a t i o n  i n  the  f luo rescence  c r o s s  s e c t i o n  f o r  
va r ious  s p e c i e s  wi th in  the same a lga l  co lo r  group ( ref .  1 4 )  can create large 
u n c e r t a i n t i e s  i n  de te rmina t ion  of  the ch lo rophy l l  a i n  v ivo  concen t r a t ion  by 
the  laser f luo rosenso r  system. Some of  t h i s  i n t r ag roup  v a r i a t i o n  may only be 
i n  abso lu te  magnitude, and the  r e l a t i v e  s p e c t r a l  characterist ics may be t h e  
same. For example, an e r r o r  i n  the  measurement o f  ch lo rophy l l  a contained i n  
t h e  algae can a r i se  because of  d i f f i c u l t y  i n  complete e x t r a c t i o n  of  a l l  chloro
p h y l l  a from t h e  algal ce l l s .  P a r t  of  t he  u n c e r t a i n t y  i n  f luo rescence  c r o s s  
s e c t i o n  can r e s u l t  from changes i n  the  r e l a t i v e  e x c i t a t i o n  s p e c t r a  of  va r ious  
s p e c i e s  wi th in  a c o l o r  group. The source  and na tu re  o f  t h i s  c r o s s  s e c t i o n  
v a r i a t i o n  is not  known; however, it is r ea l i s t i c  t o  assume a 5- t o  IO-percent 
unce r t a in ty  i n  t h e  r e l a t i v e  f luo rescence  c r o s s  s e c t i o n  a t  each e x c i t a t i o n  
wavelength. 
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The v e r t i c a l  d i s t r i b u t i o n  of algae can change d rama t i ca l ly  i n  the  first ! 
5 m and t h e  r a t i o  of f luo rescence  t o  ch lo rophy l l  5 concen t r a t ion  changes wi th  
depth because of  d i f f e r e n t  amounts of  s o l a r  i r r a d i a n c e  reaching  d i f f e r e n t  

t
E 

depths  ( ref .  26) .  I n  terms of  t h e  p r e s e n t  a n a l y s i s ,  only average va lues  o f  \I 
e 

ch lo rophy l l  2 concen t r a t ions  and f luorescence  c r o s s  s e c t i o n s  can be used. The B e r r o r s  involved i n  t h e s e  assumptions are d i f f i c u l t  t o  q u a n t i f y  i n  terms of  1 
t h e i r  impact on t h e  accuracy of  ch lorophyl l  a i n  v ivo  concen t r a t ion  because i

Ieach measurement cond i t ion  is  d i f f e r e n t .  The h o r i z o n t a l  v a r i a t i o n  of a l g a e  
can be very large over  only a f e w  meters, e s p e c i a l l y  dur ing  bloom cond i t ions ;
and w i t h  large changes i n  a lgal  concen t r a t ions ,  large changes i n  t h e  a t t enua - P 

t i o n  c o e f f i c i e n t s  occur .  For t h e s e  reasons  it is  impera t ive  t h a t  a l l  measure
ments be made over  t h e  same sampling volume. 

b 

Discussion of Error Analysis  Resu i t s  

For single-wavelength laser f luo rosenso r  systems,  it can be seen from 
table  1 t h a t  increased  measurement accuracy of  ou tpu t  and rece ived  power from 
5 t o  2.5 pe rcen t  does no t  s i g n i f i c a n t l y  decrease t h e  e r r o r  i n  t h e  ch lo rophy l l  2 
concent ra t ion  when t h e  e r r o r  i n  the e f f e c t i v e  a t t e n u a t i o n  c o e f f i c i e n t  is  
greater than 10 percen t .  Without remote measurement c a p a b i l i t y  f o r  t he  a t t e n 
ua t ion  c o e f f i c i e n t ,  the  e r r o r  i n  its es t ima t ion  can be l a r g e ,  greater than 
50 percent .  If t h e  s tandard  dev ia t ion  of  t h e  e f f e c t i v e  a t t e n u a t i o n  c o e f f i c i e n t  
is small, t h e  u n c e r t a i n t y  i n  t h e  ch lorophyl l  a concen t r a t ion  is n e a r l y  t h e  same 
as it is f o r  f luorescence  c r o s s  s e c t i o n .  Thug, t h e  r e s u l t i n g  s tandard  devia
t i o n  f o r  ch lorophyl l  -a concent ra t ion  depends p r i m a r i l y  upon both 6k/k and 
6a/a. 

From t h e  f luo rescence  c r o s s  s e c t i o n  d a t a  presented  i n  r e fe rence  1 4 ,  an 
e x c i t a t i o n  wavelength can be  s e l e c t e d  f o r  which t h e  f l u o r e s c e n c e . c r o s s  s e c t i o n s  
for a l l  f o u r  a lga l  c o l o r  groups are n e a r l y  equal .  The approximate wavelength 
is 618 nm. The average f luorescence  c r o s s  s e c t i o n  informat ion  a t  t h i s  wave
l eng th  f o r  the c o l o r  groups is given i n  t ab le  2 .  If an average f luo rescence  
c r o s s  s e c t i o n  of  0.15 x m2 is assumed f o r  any a l g a l  composition encoun
tered w i t h  t he  single-wavelength laser f luo rosenso r  system, t h e  maximum e r r o r  
i n  t h e  f luorescence  cross s e c t i o n  is  40 pe rcen t ,  and t h u s  t h e  s tandard  devia
t i o n  6n/n would be less than 40 percent .  U n c e r t a i n t i e s  i n  e f f e c t i v e  a t t e n 
ua t ion  c o e f f i c i e n t s  and f luorescence  c r o s s  s e c t i o n  due t o  f a c t o r s  l i s t e d  i n  
prev ious  s e c t i o n s  a l s o  in f luence  t h e  e r r o r  i n  t h e  ch lo rophy l l  a concen t r a t ion ,  
as shown i n  table 1 .  With a supplemental  remote measurement o f  a t t e n u a t i o n  
c o e f f i c i e n t s ,  it is f e l t  t h a t  t h e  concen t r a t ion  o f  ch lo rophy l l  a can be deter- 6 
mined wi th in  100-percent accuracy,  which is  s u f f i c i e n t  f o r  m a n y a p p l i c a t i o n s  . 

For t h e  multiple-wavelength laser f luo rosenso r  t o  be able t o  determine the  
ch lorophyl l  5 concen t r a t ion  i n  each a l g a l  c o l o r  group,  t h e  u n c e r t a i n t i e s  of  t h e  
f luorescence  c r o s s  s e c t i o n s  must be  reduced so t h a t  t h e  normalized s tandard  
dev ia t ion  f o r  t h e  ch lo rophy l l  2 concen t r a t ion  i n  a l l  c o l o r  groups is less  
than 1.0.  Under t h e s e  cond i t ions ,  mat r ix  equat ion  ( 1 1 )  can be solved without  
d i f f i c u l t y  for t h e  concen t r a t ion  mat r ix .  If 6n/n is greater than  1.0 f o r  any 
c o l o r  group due t o  an u n c e r t a i n t y  i n  0, C i s  an i l l - c o n d i t i o n e d  ma t r ix ,  which 
can produce completely u n r e a l i s t i c  va lues  f o r  t h e  ch lo rophy l l  a concen t r a t ions  
(e .g . ,  nega t ive  c o n c e n t r a t i o n s ) .  The e r r o r  a n a l y s i s  f o r  multiple-wavelength 

22 



systems was separa ted  i n t o  two p a r t s  as a r e s u l t  of  d i f f e r e n t  s t a t i s t i c s  
app l i ed  t o  t h e  f luorescence  c r o s s  s e c t i o n s .  The va r i ance  r e l a t i o n s h i p  between 
Po,  P,, k ,  and n is the  same i n  both cases. I n  tab le  4 t h e  r e s u l t s  are 
presented  f o r  t h e  normalized s tandard  dev ia t ion  o f  t h e  ch lo rophy l l  2 concentra
t i o n  when the  f luo rescence  c r o s s  s e c t i o n  is considered independent of  e x c i t a 
t i o n  wavelength. Even i f  t h e  same sample volume is u s e d . f o r  a l l  e x c i t a t i o n  
wavelengths,  a t  least a IO-percent u n c e r t a i n t y  i n  t h e  r e l a t i v e  e x c i t a t i o n  spec
tra f o r  each of the  c o l o r  groups is a n t i c i p a t e d .  I f  d i f f e r e n t  sample volumes 
are used dur ing  a measurement c y c l e ,  the  u n c e r t a i n t y  i n  t h e  f luorescence  c r o s s  
s e c t i o n  i n c r e a s e s  because of  the  p o s s i b i l i t y  of  changing a lgal  concen t r a t ions  
and composition. I n  t ab le  4 it can be seen t h a t  even f o r  6a/a = 0.1,  case I 
had a va lue  o f  6n/n > 1.0.  Not u n t i l  6a/a was g r e a t e r  than  0.3 d i d  case P I  
produce 6n/n > 1.0 .  It w a s  explained previous ly  t h a t  case I represented  t h e  
ALOPE parameters  ( table  2 )  and case  I1 represented  the  se t  of optimized e x c i t a 
t i o n  wavelengths given i n  t ab le  3. Op t imis t i c  power measurement accu rac i e s  
(2.5 p e r c e n t ) ,  knowledge of  r e l a t i v e  e f f e c t i v e  a t t e n u a t i o n  c o e f f i c i e n t s  a t  all 
e x c i t a t i o n  wavelengths t o  5 pe rcen t ,  and a modest IO-percent s tandard  d e v i a t i o n  
of  f luorescence  c r o s s  s e c t i o n  produce 177-percent u n c e r t a i n t y  i n  t h e  concentra
t i o n  of  ch lorophyl l  2 contained i n  t h e  golden-brown algae when ALOPE parameters  
are used and only 53 pe rcen t  when the  optimized e x c i t a t i o n  wavelengths of  
case I1 are used.  (Measurements f o r  golden-brown algae have t h e  most uncer
t a i n t y  i n  6n/n . )  I n  g e n e r a l ,  use  of t h e  optimized e x c i t a t i o n  wavelengths 
reduce the u n c e r t a i n t y  i n  ch lo rophy l l  5 concen t r a t ion  by a f a c t o r  of  3 from 
the  ALOPE parameters. 

When the  spectral  v a r i a t i o n  i n  t h e  f luorescence  c r o s s  s e c t i o n s  f o r  a c o l o r  
group is assumed t o  be i n  a cons t an t  r a t i o ,  even though the  abso lu te  magnitude 
may change due t o  l i g h t ,  age, and chemical f a c t o r s ,  t h e  ch lorophyl l  2 concen
t r a t i o n  s tandard  d e v i a t i o n s  g iven  i n  table  5 r e s u l t .  A s  was d iscussed  previ 
ous ly ,  t h e  magnitude of  t h e  f luo rescence  c r o s s  s e c t i o n  can vary  over 100 per
cen t  by chemical stress. The ALOPE system parameters ,  which were used i n  
case I ,  produce unacceptably high u n c e r t a i n t i e s  f o r  a l l  the inpu t  parameters  
shown i n  t h e  tab le .  The optimized e x c i t a t i o n  wavelengths used i n  case  I1 y i e l d  
va lues  f o r  6n/n which are l e s s  than 100 percent  even f o r  large u n c e r t a i n t i e s  
i n  the  f luorescence  c r o s s  s e c t i o n s .  

The data presented  i n  tab les  4 and 5 are a r e s u l t  of  d i f f e r e n t  s t a t i s t i c a l  
approaches which a t tempt  t o  eva lua te  extreme va lues  f o r  t h e  u n c e r t a i n t i e s  i n  
ch lorophyl l  a concen t r a t ions .  I n  both approaches,  the  ALOPE system parameters  
produced standard d e v i a t i o n s  i n  n g r e a t e r  than 3 times those  produced i n  
case 11, which assumed more optimized e x c i t a t i o n  wavelengths.  

CONCLUDING REMARKS 


Accuracy i n  the  remote de te rmina t ion  of  ch lo rophy l l  a i n  v ivo  concentra
t i o n  depends upon t h e  use  of  t he  c o r r e c t  equat ion  f o r  t h e p o w e r  rece ived  by a 
laser f luo rosenso r  system. The appropr i a t e  form of t h i s  r e l a t i o n s h i p  is 
der ived  i n  t h i s  paper (eq .  ( 6 ) ) .  S i m i l a r  equa t ions  have been r epor t ed  i n  t h e  
l i t e r a t u r e ;  however, they  d i f f e r  from the  p resen t  equat ion  by as much as a 
f a c t o r  of  IO.  
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Low-intensity long-exposure e x c i t a t i o n  of  algae, which is used i n  f l u m e s -
a
1 

cence spectrophotometer  s t u d i e s ,  must be c o r r e l a t e d  w i t h  h i g h - i n t e n s i t y  sho r t -
pu l se  laser e x c i t a t i o n  of algae before  spectrophotometer  measurements of  algal 
f luo rescence  c r o s s  s e c t i o n s  can be used i n  laser f luo rosenso r  system i n v e s t i g a 
t i o n s .  Also,  a d d i t i o n a l  research needs t o  be conducted on the  v a r i a t i o n  o f  
f luo rescence  y i e l d  which occurs  i n  algae because o f  vary ing  ambient l i g h t  
l e v e l s  and n u t r i e n t  concen t r a t ions .  The u n c e r t a i n t i e s  a s s o c i a t e d  w i t h  these 
f a c t o r s  d i r e c t l y  affect the  accuracy o f  t he  remote ch lo rophy l l  -a i n  v ivo  con
c e n t r a t i o n  measurements. 

The use  of  opt imized e x c i t a t i o n  wavelengths i n  a four-wavelength 1ase.r 
f luo rosenso r  system can reduce u n c e r t a i n t i e s  i n  the ch lo rophy l l  a concen t r a t ion  
measurement by more than a f a c t o r  of 3 from the  p r e s e n t  ALOPE (Airborne L i d a r  
Oceanographic Probing Experiment) system. Assuming o p t i m i s t i c  estimates of  
power measurement a c c u r a c i e s  and of u n c e r t a i n t i e s  i n  a t t e n u a t i o n  c o e f f i c i e n t s  
and a lgal  f luo rescence  c r o s s  s e c t i o n s ,  a laser f luo rosenso r  system w i t h  o p t i 
mized e x c i t a t i o n  wavelengths would produce ch lo rophy l l  a concen t r a t ion  uncer
t a i n t i e s  i n  a l l  f o u r  c o l o r  groups of less than 53 pe rcen t .  

The use  o f  a "ground-truth" p o i n t  t o  c a l i b r a t e  t he  laser f luo rosenso r  sys
tem can only be used i n  -large bodies  of  water where the  water cond i t ions  change 
slowly over long d i s t a n c e s .  However, under those  c i rcumstances  t he  v a r i a t i o n  
i n  a lgal  types  would no t  be expected t o  change s i g n i f i c a n t l y ,  and a s i n g l e -
wavelength system could be used f o r  t h e  ch lo rophy l l  -a measurement. 

I n  water where marine cond i t ions  vary widely over  s h o r t  d i s t a n c e s ,  supple
mental  remote measurements of  marine a t t e n u a t i o n  c o e f f i c i e n t s  and environmental  
f a c t o r s  which affect  the  f luorescence  c r o s s  s e c t i o n  of  algae (e .g . ,  n u t r i e n t  
concen t r a t ion  and ambient l i g h t  i n t e n s i t y )  are necessary  a t .each sample p o i n t  
of the laser f luo rosenso r  system. Without t h i s  a d d i t i o n a l  measurement capa
b i l i t y ,  both the s ing le - and multiple-wavelength laser f luo rosenso r  systems can 
only  provide q u a l i t a t i v e  information about  t h e  ch lo rophy l l  a contained i n  t h e  
algae, and the  single-wavelength system y i e l d s  r e s u l t s  which are comparable t o  
a multiple-wavelength system w i t h  optimum e x c i t a t i o n  wavelengths.  

Langley Research .Center 

Nat iona l  Aeronaut ics  and Space Adminis t ra t ion 

Hampton, VA 23665 

Apri l  7 ,  1977 
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T A B L E  1.- NORMALIZED STANDARD D E V I A T I O N  O F  PARAMETERS I N  

SINGLE-WAVELENGTH L A S E R  FLUOROSENSOR ERROR A N A L Y S I S  

6 P r / P p  6k/k
I-~. .  

60 /a 
a6n/n 

0.05 0.05 0.1 0 0.32 
.025 .025 . I  0 .i1 
.025 .025 .1 - 3  32 
.025 .025 .1 
.025 .025 -.1 

.7 
1 .o 

71 
1.01 

.025 .025 - 3  0 * 30 

.025 .025 .3 - 3  .43 

.025 .025 - 3  .7 .76 

.025 .025 -3 1 .o 1.04 

.025 .025 .5  0 .50 

.025 .025 .5  - 3  .58 
-025 .025 .5  .7 .86 
.025 .025 .5  1 .o 1.12 

aCalculated from equation (13 ) .  
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TABLE 2.- ALGAL FLUORESCENCE CROSS SECTIONS FOR ALOPE SYSTEMa 

Fluorescence c r o s s  s e c t i o n ,  m2, a tAlgal e x c i t a t i o n  wavelength,  nm, ofc o l o r  
~ 

539 .O I 598.7 617.8 
~ 

3reen 1.152 x 0.139 x 0.164 x 0.232 x 
;olden-brown .653 .I51 .081 * I10  
Red 133 .450 .447 .255 
Blue-green .07 1 .050 . I52 .239 

aFrom . re ference  14 .  

TABLE 3.- OPTIMIZED FLUORESCENCE CROSS SECTIONS FOR FOUR-WAVELENGTH 

LASER FLUOROSENSOR SYSTEM 

Algal 
c o l o r  
group 482 1 520 I 562 640 

Green 

Go1den-brown 

Red 

Blue-green 
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TABLE 4.- NORMALIZED STANDARD D E V I A T I O N  OF CHLOROPHYLL -a CONCENTRATION FOR 

INDEPENDENT V A R I A T I O N  OF FLUORESCENCE CROSS SECTIONS 

a 
6n/n 

Sk/k CCase I1 41 
Green Golden-brown Red 3lue-green 1 Green ;olden-brown Red 31ue-green: 

3 0.26 0.58 0.44 0.15 0.18 

.05 .05 .1 0 1.48 1 2.54 . 4 4  1 .oo ~ .38 .76 .25 -31 

.025 .025 D O .43 .73 . I 3  .29 . l l  .22 .a7 .09 

.025 ' .025 .05 0 .74  ~ 
1.27 .22 .50 . I 9  .38 .13 .15 

.025 .025 .1 0 1.28 2.20 .38 .87 * 32 .66 .22 .26 

.025 .025 4.20 * 73 1.66 .63 1.26 .42 .51 
0 0 1.24 .21 .46 .21 - 37 .14 .16 
0 0 2.48 .42 ~ .91 .41 .74 .27 32 
0 0 0 .3 2.18 3.71 .63 1.37 .62 1.11 .41 .47 

.05 .05 . 0 5 !  . 1  1.28 2.18 .37 ' .85 .34 .65 23 .27 

.05 j .05 .05 .2 1.79 ' 3.06 .52 1.15 * 49 .92 .32 * 39 

.05 6.31 .71 lo:::: .54 .18 .22 

' 
, .025 , .025 . I  . 1  1.47 2.52 .43 .98 ' .38 '.76 .26 31 
' 	 .025 .025 .1 .2 1.93 ' 3.32 .57 1.26 .52 .99 * 35 .41 

.025 1 .025 .05 .1 1.04 ' 1.77 30 .68 .28 - 53 .19 .22 

.025 ~ .025 2-79 .47 1.04 .45 .83 30 35 

aCalculated from equa t ions  ( 16) and ( 17) . 

bExci ta t ion wavelengths and f luorescence c r o s s  s e c t i o n s  from t ab le  2. 

CExc i t a t ion  wavelengths and f luorescence c r o s s  s e c t i o n s  from table 3. 




TABLE 5.- NORMALIZED STANDARD DEVIATION OF CHLOROPHYLL -a CONCENTRATION FOR DEPENDENT 

V A R I A T I O N  OF FLUORESCENCE CROSS SECTIONS W I T H I N  ALGAL COLOR GROUPS 

a 6n/n 

SPO/PO SPr/Pr Sk/k 60/a 

Green 
-

1.05 1.05 1.05 0 
.05 .05 .05 
.05 .05 .05 
.05 .05 .05 
.025 .025 . I  
.025 .025 .1 
.025 .025 .1 
.025 .025 . I  
.025 .025 .05 
.025 .025 .05 
.025 .025 .05 
.025 .025 .05 

-

bcase I 

;olden-brown Red 

1.79 0.31 

1.80 


CCase I1 

;olden-brown3lue-green ;reen 

1.05 0.71 1.27 
1.07 .74 34 
1.12 .81 .48 
1.26 1 .oo .75 
1.28 .87 .32 
1.30 .89 38 
1.34 .96 .51 
1.46 1 . I 2  .77 

.74 .50 . I9  

.77 .54 .28 

.84 .64 .44 
1.02 .86 .73 

3ed 
-

0.22 
0.54 

.58 

.67 

.88 

.66 

.69 

.77 

.96 

38 

* 43 

.55 

.80 


1. 18 

.27 

.44 

.72 

.22 

.30 

.46 

.73 

.13 

.24 

.42 

.71 


0 

0 

.2 


.4 


.7 


.2 


.4 


.7 


.2 


.4. 


.7 


* 37 

.51 

.77 

* 38 
* 43 

.55 

.63 

.22 

.29 

.46 

.74 


30 

.46 
- 73 
.26 

.33 

.48 

.75 

.15 

.25 
- 43 

.72 


1.83 

1.92 

2.20 

2.21 

2.23 

2.31 

1.27 

1.28 

1.33 

1.45 


-

aCalculated from equat ion  ( 19) .  

bExci ta t ion  wavelengths and f luorescence  c r o s s  s e c t i o n s  from t a b l e  2.  

CExci ta t ion  wavelengths and f luorescence  c r o s s  s e c t i o n s  from t a b l e  3. 
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Carotenoids 
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Figure 1.- Absorption spectra of pigments found in living algae. 
(Adapted from The Absorption of Light in Photosynthesis by 
Govindjee and Rajni Govindjee, Copyright@ 1974 by Scientific 
American, Inc. All rights reserved.) 

CHLOROPHYLL g PORPHYRlDlUM 

500 600 700 

WAVELENGTH, NANOMETERS 

Figure 2.- Absorptance spectra of three algal species which are 
representative of different color groups. Algal pigments 
which dominate light absorption are indicated. (From Molecular 
Approaches to Plant Physiology by C. A. Price, c.1970, McGraw-
Hill Book Co., Inc. with permission of publisher.) 
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BLUE LIGHT GREEN LIGHT ORANGE LIGHT BLUE OR RED LIGHT 

Figure 3.- Light absorption by pigments contained in 
living algae and path of energy transfer within 
algal cell. (Adapted from The Absorption of Light 
in Photosynthesis by Govindjee and Rajni Govindjee, 
Copyright 0 1 9 7 4  by Scientific American, Inc. All 
rights reserved.) 
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Figure 4.- Typical fluorescence spectrum f o r  
green and golden-brown algae. 
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--- --- 
-Prorocentrum (golden - brown 1 

Dunaliella (green) 1 
.Rhodosorus ( r e d  1 

f' I  

Wavelength, nm 

Figure  5.- Normalized e x c i t a t i o n  s p e c t r a  f o r  
r e p r e s e n t a t i v e  a lga l  s p e c i e s  from four 
algal  c o l o r  groups.  Fluorescence emission 
a t  685 nm was detected w h i l e  e x c i t a t i o n  
wavelength w a s  changed. (Adapted from 
ref. 8 . )  

'FLUORESCENCE 

Figure  6.- Diagram used i n  d e r i v a t i o n  of equat ion  for 
power rece ived  by a laser f luo rosenso r  system. 
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DECEMBER 29, 1971 I DECEMBER 30, 1971 

Figure 7.- Chlorophyl l  a i n  v ivo  concen t r a t ions  determined 
by single-wavelength-laser system from Thimble Shoals  
Channel P i e r  of Chesapeake Bay Bridge Tunnel and 
normalized t o  i n  s i t u  measurements a t  2000 EST on 
December 29, 1971. (From ref .  1 1 . )  

OL I I I I I I I I 
0 10 20 30 40 50 60 70 80 

FLIGHT DISTANCE, km 

Figure  8.- Chlorophyl l  a i n  v ivo  concen t r a t ions  measured 
by a i rbo rne  laser f luo rosenso r  system which was flown 
from west of  Rochester ,  New York, t o  Canadian shore .  
(Adapted from ref. 12 . )  
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LASER HEAD 
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CVUNDER -

REFRIGERATOR I HIGH VOLTAGE 1I I CHARGING !I
SUPPLY I NETWORK I / 

Figure  9.- ALOPE system w i t h  four-wavelength laser head 
(only  one laser wavelength is emi t ted  a t  a t i m e ) ,  
25.4-cm-diameter r ece iv ing  t e l e s c o p e ,  and a s s o c i a t e d  
equipment. (Adapted from ref.  13.) 

01 I , , ' I I * _ 
I 1 

1830 1900 1930 2000 2030 2100 2130 2200 
Time 

9 July 1973 

Figure  10.- Chlorophyll  a i n  v ivo  concen t r a t ions  
obta ined  by ALOPE system from George P.  Coleman 
Bridge, which is 30 m above York River .  Blue 
(454 nm) and green (539 nm) wavelengths only 
were used i n  data r educ t ion .  (From ref. 8.) 
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FLIGHT LEG 

Figure 11.- T o t a l  ch lorophyl l  a i n  vivo concen t r a t ions  
measured by ALOPE system on-flight over  James River .  
Red (598 nm) wavelength w a s  no t  used i n  data 
reduct ion .  (Adapted from ref .  8 . )  

GOLDEN -BROWN ALGAE 
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:i2 
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- T 
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:li IO ,9878615 1 4 1 3 
FUGHT LEG 

Figure  12.- Chlorophyl l  a contained i n  a l g a l  c o l o r  
groups as measured by-ALOPE system on f l i g h t  
over James River .  Concentrat ions of red a l g a e  
were not  determined. (Adapted from ref. 8 . )  
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FLUORESCENCE INTENSITY, RELATIVE UNITS 
Figure 13.- Rela t ionsh ip  between ch lo rophy l l  2 concen t r a t ion  

and f luorescence  i n t e n s i t y  f o r  a l g a e  tested dur ing  day 
and n i g h t  cond i t ions .  (Adapted from ref. 27.)  
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Figure  14.- Trans ien t  f luorescence  curve f o r  C h l o r e l l a  
when it is exc i t ed  by 2-sec pu l se  of  low- in tens i ty  
l i g h t .  (Adapted from ref. 25. ) 
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Figure  15.- Algal  c e l l  concen t r a t ions  and 
fluorescence/chlorophyll 5 r a t i o  as a 
func t ion  of  phosphate and n i t r a t e  l e v e l s  
i n  a l g a l  growth medium. (Adapted from 
ref. 27.) 
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Figure  16.- Re la t ionsh ip  between temperature  
and a lgal  f luo rescence .  (Adapted from 
ref. 27.) 
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